Methamphetamine (METH) is a neurotoxic drug. This study aimed to evaluate brain metabolite levels and cognitive function in young children with prenatal METH-exposure. 101 children ages 3-4 years were evaluated with neuropsychological tests and underwent proton magnetic resonance spectroscopy ( 1 H-MRS) without sedation. Complete datasets from 49 METH-exposed and 49 controls who completed the neuropsychological test battery, and 38 METH-exposed and 37 controls with high-quality MR spectra are reported here. Despite similar physical characteristics (including head circumference), global cognitive function (on Stanford-Binet), parental education, intelligence, mood, and socioeconomic status, METH-exposed children had higher total creatine (tCr: +7%, p=0.003), N-acetyl compounds (NA: +4.3%, p=0.004) and glutamate+glutamine (GLX: +9.6%, p=0.02) concentrations in the frontal white matter, but lower myoinositol (MI: -7%, p=0.01) and MI/tCr (-7.5%, p=0.03) in the thalamus, than control children. The higher frontal white matter NA in the METH exposed children were due to the higher NA in the METH-exposed girls (+10.2%, p=0.0027), but not the boys (+0.8%) compared to sex-matched controls. Furthermore, the METH-exposed children had poorer performance on a visual motor integration (VMI) task, which correlated with lower MI in the thalamus (r=0.26, p=0.03). The higher NA, tCr and GLX concentrations suggest higher neuronal density or cellular compactness in the white matter, especially in the girls, whereas the lower MI suggests lower glial content in the thalamus of these METH-expose children. These findings combined with their poorer performance on VMI also suggest accelerated but aberrant neuronal and glial development in these brain regions.
Introduction
Methamphetamine (METH) is an addictive stimulant drug that primarily affects the dopaminergic and serotonergic systems in the brain, as shown in various animal models (Seiden et al. 1988; Melega et al. 1997; Marshall et al. 2007 ). The neurotoxic effects of METH also were observed in adult humans who abuse the drug, and were associated with abnormalities on neuropsychological tests, structural and functional neuroimaging studies (Ernst et al. 2000; Volkow et al. 2001; Chang et al. 2002; Paulus et al. 2003 ; Thompson et al. 2004; Chang et al. 2005; Jernigan et al. 2005; Nordahl et al. 2005; Sekine et al. 2006) , as well as dopaminergic or serotonergic abnormalities in postmortem brains (Moszczynska et al. 2004; Kish et al. 2008) . In adult METH users, the striatum which contains the highest density of dopaminergic synapses appears to be particularly vulnerable ). Perhaps since the dopaminergic system regulates motor pathways and cognitive functions that require attention, METH users tended to show cognitive deficits related to psychomotor slowing, working memory and cognitive flexibility (Chang et al. 2002; Salo et al. 2007 ; van der Plas et al. 2008; Salo et al. 2009 ). However, little is known about possible brain alterations in children who were exposed to METH prenatally, and whether the drug might affect brain development.
Several studies in rats demonstrated that prenatal METH exposure may lead to greater axonal deformation and reduction in myelination in the optic nerves postnatally , as well as histological changes in the fetal brains (Cui et al. 2006) . Furthermore, behavioral studies found prenatal METH exposure impairs development of postural motor movements (on the rotarod test) of rat pups during the first 3 postnatal weeks (Slamberova et al. 2006 ), but had little or no effect on learning or memory (on the Morris water maze) in adult male rats (Schutova et al. 2008) . Preliminary MRI studies in children (ages 3-16 years) exposed to METH prenatally showed evidence for smaller basal ganglia and hippocampal structures, which correlated with some deficits in cognitive performance (Chang et al. 2004) . The same study also found neurochemical changes, specifically elevated total creatine, on in vivo proton magnetic resonance spectroscopy ( 1 H-MRS) ).
The study aims to expand the prior evaluations of neurochemistry on MRS and cognition to a group of younger children with prenatal METH exposure. Both 1 H-MRS and neuropsychological tests were performed in children ages 3 or 4 years, which is the earliest age that we could obtain reliable MRS data without sedation and neuropsychological testing with sufficient cooperation from the children. Based on prior observations, we hypothesized that: 1) children with prenatal METH exposure would show elevated total creatine compared to unexposed healthy children; 2) children with prenatal METH exposure would show poorer performance on some cognitive measures, including visual motor integration, attention and memory, compared to the unexposed children.
Methods and Materials

Research participants
144 children (52 METH-exposed, 92 unexposed controls) with similar socioeconomic backgrounds were screened as outpatients and 121 children (49 METH-exposed and 72 unexposed) were enrolled for this study. Each parent or legal guardian signed a written informed consent and completed detailed interviews regarding their medical and drug use histories and socioeconomic status. All children were evaluated thoroughly with birth record reviews, medical and neurological examination. 98 children also completed the neuropsychological tests. 101 completed the MR studies without sedation, but only 78 (81.6% METH exposed, 77.6% un-exposed) had acceptable MRS data (25 children required up to 4 repeat scanning sessions). Three more MRS datasets were excluded due to a quantitation problem in one and maternal family history of muscular dystrophy with maternal borderline intelligence quotient in two.
Inclusion criteria for the children: 1) male or female child of any ethnicity, ages 3 or 4 years; 2) parental or guardian willingness for the child to participate in the studies; 3) for the prenatal METH-exposed group: any maternal self-reported METH use during pregnancy of the child or positive meconium toxicology (screen+GC/MS confirmation) at birth of the child.
Exclusion criteria include: 1) a congenital or genetic neurological disorder; 2) prematurity (gestational age<36 weeks); 3) failure to thrive within first year of life; 4) overt TORCH infection at birth or a major neurological disorder since birth; 5) other contraindications for MR studies or severe claustrophobia. In addition, a child was excluded if the mother were: 1) age <17 years at the time of childbirth; 2) non-English speaking; 3) low cognitive functioning (National Adult Reading Test-estimated verbal IQ<80) or institutionalized for retardation; 4) seropositive for HIV-1 during pregnancy; 5) having a history of co-morbid psychiatric illness that may confound the outcome measures (e.g. schizophrenia, bipolar disorder or major depression not attributed to drug abuse or withdrawal); 6) having any medical condition during pregnancy that could cause alteration in the child's brain development; 8) having a history of drug dependence during pregnancy (except for METH in the METH-exposed group, or nicotine); light marijuana or alcohol use (<1 drink/day) were allowed.
Neuropsychological evaluations
The test battery includes measures of global cognitive functioning, with additional emphasis on tests of language development, visual motor integration and attention. These tests evaluated: 1) Global intelligence: Stanford-Binet Abbreviated Battery IQ (ABIQ) (Roid 2003) , an estimated IQ based on verbal and non-verbal test performance. 2) Fluid reasoning: Stanford-Binet Routing Non-Verbal, which tests the child's ability to recognize patterns in object and picture placement (Roid 2003) . 3) Vocabulary: Stanford-Binet Verbal, a test of spoken vocabulary for objects, pictures, and words (Roid 2003) . 4) Naming and word retrieval: Expressive One Word Picture Vocabulary Test-Revised (EOWPVT-R), a naming task consisting of up to 143 items that assessed expressive language ability and memory retrieval of acquired knowledge (Gardner 1983) . 5) Comprehension/ receptive vocabulary: Peabody Picture Vocabulary Test-Third Edition (PPVT-III), which consists of 175 test items designed to measure auditory receptive language (Sattler 1990 ). 6) Visual motor integration: Beery Test of Visual Motor Integration, in which the subjects were instructed to copy up to 24 geometric figures arranged in order of increasing difficulty (Sattler 1990 ). 7) Visual attention/visuomotor tasks: The Developmental Neuropsychological Assessment (NEPSY) Visual Attention subtest, which involved visual scanning and attention, and evaluated psychomotor speed (Sattler 1990; Spreen and Strauss 1998) .
MRI
The MRI studies were performed on a Siemens Trio 3.0 Tesla scanner, while the children slept or watched a video. An 8-channel head array from Siemens/MRI Devices was used. The MRI began with a sagittal T1-weighted localizer (echo time/relaxation time or TE/ TR=5/20 msec, 10-mm slice thickness, 2-mm gap, 256-mm field of view or FOV), followed by a 3D-magnetization prepared rapid acquisition by gradient echo (MP-RAGE, TE/ inversion time (TI)/TR=491/1000/2200 msec, 1-mm isotropic resolution, 256-mm FOV, GRAPPA with 2-fold acceleration). Next, a fluid attenuated inversion recovery sequence (TE/TI/TR=99/2500/9750 msec, 3-mm slice thickness, no gap, 220-mm FOV, GRAPPA with 2-fold acceleration) was performed to further screen for any brain pathology.
Localized 1 H-MRS
Voxel locations were prescribed from the MP-RAGE images. Spectroscopic data were collected from right frontal white matter (FWM), medial frontal gray matter at the anterior cingulate (AC), bilateral thalamus (THAL) and right basal ganglia (BG) (see Figure 1 ). Anatomical landmarks surrounding each voxel, as described in the Figure 1 legend, were used to provide guidance for consistent voxel placement. A standard Point RESolved Spectroscopy (PRESS) acquisition sequence (relaxation time/echo time =3000/30 msec, 48 averages, 2.5 min per location) was used. Metabolite concentrations were determined using a modified method that uses the unsuppressed water signal from each voxel as a reference . Briefly, the T2 decay of the unsuppressed water signal from the PRESS experiment was measured at 10 different TE and at 2 TR values to calculate metabolite concentrations corrected for the partial volume of cerebrospinal fluid. The spectral data were processed using the LCModel program (Provencher 2001) , which yielded metabolite concentrations of N-acetyl compounds (NA), total creatine (tCr), cholinecontaining compounds (CHO), myoinositol (MI), and glutamate+glutamine (GLX). Furthermore, percent gray matter, white matter, and CSF within each voxel were determined using a customized program. These measures were used as covariates for metabolite concentrations, to correct for possible differences in gray-white matter proportion across subjects.
There were no differences between subject groups in spectral quality (full width at half maximum or signal to noise ratio) in three of the four regions. In the anterior cingulate, unexposed controls had slightly greater line widths than the METH-exposed group (0.040±0.002 ppm vs. 0.034±0.002 ppm, p=0.03), possibly due to greater head motion during the scans.
Statistics
Statistical analyses were performed using Statistical Analysis Software or SAS, version 9.1 (SAS Institute Inc., Cary, NC). Brain metabolite concentrations and ratios were compared between groups using unpaired t-tests, and two-way analyses of variance were performed to evaluate METH-exposure-by-sex differences. One-way analysis of covariance was performed to control for potential confounding variables (demographic variables with p<0.25 in Table 1 ). Correlations between metabolite levels that showed significant group differences and clinical characteristics of the children or the mother/caregivers were performed using Pearson correlations (for variables that are normally distributed) or Spearman correlations (for variables that are non-normally distributed). In all analyses, a pvalue<0.05 was considered significant.
Results
Clinical characteristics of the children (Table 1) The two subject groups had similar age and gender proportion. There were also no group differences in the children's height, weight, or head circumference. However, METHexposed children had slightly younger gestational age at birth and hence lower birth weight compared to controls. Of the METH-exposed children, 70% were exposed to METH during all three trimesters, 8% during two of the trimesters and 22% during the first trimester only. The mothers' self-reported mean METH usage during pregnancy was 0.32±0.09g/day (first trimester), 0.28±0.12g/day (second trimester), and 0.28±0.12g/day (third trimester). METHexposed children were also exposed to more alcohol, nicotine and marijuana during more trimesters compared to controls: occasional alcohol use (typically<5 drinks/week): 13(27%) METH-exposed vs. 8(16%) control children; nicotine: 23(47%) of the METH-exposed children vs. 11(24%) of controls (11.03±1.6 vs. 10±3 cigarettes/day); light or occasional marijuana: 15(31%) METH-exposed vs. 4(8%) control children.
Primary caretaker or maternal factors and cognitive performance of children (Table 2) The biological mothers or primary caregivers of the two groups of children had similar education level, estimated verbal intelligence quotient (IQ), depressive symptoms on Beck depression scale, and socioeconomic status (Hollingshead Two Factor Index). On the neuropsychological tests, the METH-exposed children scored significantly lower on the Beery-Visual Motor Integration test compared to controls (92.6±2.0 vs. 100.9±2.6, p=0.01). No other group differences in cognitive function were observed. Table 3 shows the brain metabolite concentrations. Analysis of covariance was used to adjust for the percentage of gray matter in each voxel. METH-exposed children had significantly higher tCr (+7.0%. p=0.003), NA (+4.3%, p=0.004) and GLX (+9.6%, p=0.02) in the frontal white matter compared to controls (Figure 2) . Although frontal white matter MI showed no group difference, the higher tCr, METH-exposed children led to their significantly lower MI/tCr (-9.6%, p=0.02) in frontal white matter compared to controls. Furthermore, in the thalamus, METH-exposed children had both significantly lower MI (-7.0%, p=0.01) and MI/tCr (-7.5%, p=0.03) compared to controls. No group differences were observed in the gray-white proportion in each of the brain regions measured (Table 3) . Potential confounding characteristics (those with p<0.25) from Table 1 were examined using analysis of covariance. Since the two groups differed by birth weight, it was included as a covariate. The group difference for frontal white matter MI/tCr became less significant (p=0.08), but none of the other potential confounders significantly impacted MRS results in frontal white matter or in thalamus.
MR spectroscopy findings
We also grouped our children into those who were exposed to METH for only one or two trimesters (n=13) and compare them to those who were exposed to METH for all three trimesters (n=25), and found no differences between these two groups in the elevated NA, Glx and tCr that we observed. However, those who were exposed to METH for all three trimesters showed higher frontal white matter choline compounds (+11.6%, p=0.038) than to those who were exposed to METH only for one or two trimesters.
Sex-differences on the effects of prenatal METH-exposure on brain metabolites
METH-by-sex interactions on NA (p=0.011) and MI/tCr (p=0.03) were observed in the frontal white matter (Figure 3) . Specifically, METH-exposed girls showed higher frontal white matter NA (+10.2%, p=0.0027), whereas METH-exposed boys showed no difference (+0.8%) compared to sex-matched controls. Also in the frontal white matter, METHexposed girls showed lower MI/tCr (-17.3%, p=0.0005), but METH-exposed boys showed non-significantly lower MI/tCr (-4.0%) compared to the sex-matched controls. The lower MI/tCr resulted primarily from a trend for greater elevation of tCr in the METH-exposed girls than the METH-exposed boys [girls: 6.01(METH) vs. 5.35(controls) mM; boys: 5.68(METH) vs. 5.45(controls) mM; METH-by-sex interaction p=0.11], and the slightly lower MI in the METH exposed girls than controls (3.65 vs. 3.95 mM) but similar MI levels in the METH-exposed and unexposed boys (3.89 vs. 3.88 mM). These sex-differences are not due to the reference (brain water) used for the concentration measurements, which showed no group difference (p=0.95).
Exploratory analyses of correlations between brain metabolites and clinical variables
Lower thalamic MI was associated with poorer performance on the Beery-Visual Motor Integration scores (r=0.26, p=0.032) in both groups of children. Furthermore, socioeconomic status of the primary caregiver correlated positively with MI (r=0.28, p=0.023) and MI/tCr (r=0.35, p=0.004) in the thalamus of all the children. In addition, higher frontal white matter CHO was associated with poorer performance on the Expressive One Word Picture Vocabulary test scores (CHO: r=-0.28, p=0.024), and with shorter stature (r=-0.30, p=0.019) in all the children.
Despite the narrow age range, the two groups combined showed a trend for age-related increases in NA/tCr (r=0.24, p=0.058) in the frontal white matter, with the METH-exposed children showing consistently lower levels of this ratio across the ages. This is probably due to the consistently higher tCr across this age range in the METH-exposed group since no age-dependent change in NA was observed. No other age-related changes in brain metabolites across this small age range were seen in any of the brain regions.
Discussion
In a group of young children with prenatal METH-exposure, we observed abnormal brain metabolite concentrations in the frontal white matter and thalamus, as well as poorer performance on visual motor integration. Specifically, the METH-exposed children had higher tCr, NA, and GLX in the frontal white matter, as well as lower MI in the thalamus, than controls, despite similar parental education, intelligence, socioeconomic status and depressive symptoms. Our hypothesis of higher tCr in the METH-exposed children, which was based on the result from a prior small study of older (∼8 years) children exposed to METH prenatally , is validated in this relatively large group of young children (3>age<5 years) with or without METH-exposure prenatally.
Since the three metabolites NA, tCr and GLX are present in neurons, the higher concentrations in the white matter suggest increased axonal density or compactness in the METH-exposed children. This interpretation is consistent with prior reports of increased dendritic branching (Blaesing et al. 2001 ) and spine densities in the dorsolateral striatal regions of rodents after METH administration (Jedynak et al. 2007 ). Additionally, using diffusion tensor imaging, we found lower diffusivity in the frontal white matter of a subgroup of these children who were exposed to METH in-utero compared to controls (Cloak et al. 2009 ), which further supports our interpretation that the children exposed to METH in-utero have higher cellular density in the frontal white matter. Prior MRS studies of normally developing children ) and of healthy mice (postnatal days 5-20) (Weiss et al. 2009 ) found age-dependent increases in these three brain metabolites (NA, tCr and GLX). Therefore, the higher metabolite levels suggest an accelerated growth pattern in these young children with prenatal METH-exposure. Furthermore, the elevated frontal white matter tCr assessed with MRS was observed not only in children with prenatal METH-exposure , but also in children with prenatal cocaine exposure . However, it is unclear whether these analogous effects of METH and cocaine on brain metabolites are due to a mechanism common to psychostimulants, or to other more commonly co-abused substances (e.g. nicotine, alcohol or marijuana) that may have direct or indirect effects on brain metabolites.
The higher brain metabolites in the frontal white matter of METH or cocaine-exposed children also might have resulted from smaller brain volumes (Chang et al. 2004) , which would lead to partial volume effects with higher % gray matter in the white matter voxels. However, our gray-white segmentation analyses demonstrated no group differences in the % gray matter in any of the voxels. Nevertheless, future detailed morphometric analyses of brain volumes in these children are needed to further address whether these children with prenatal METH-exposure have smaller or more compact cortical and subcortical brain volumes.
Since both tCr and CHO are significantly higher in glia than neurons (Brand et al. 1993) , the elevated tCr and a trend for elevated CHO in the frontal white matter additionally suggest higher glial content. However, unlike adults who abuse METH (Ernst et al. 2000; Sung et al 2007) or adults with other acquired brain disorders (Chang et al. 2005 ) that often show glial activation with elevated glial marker MI, the METH-exposed children showed normal or lower MI in the thalamus. Therefore, the effects of METH on the immature developing brain, which has higher levels of MI prenatally than postnatally , may be quite different and may not elicit a glial response such as that seen in the mature brains. Furthermore, unlike adult METH users that are typically studied within a short time from abstinence of the drug, our METH-exposed children had developing brains that are 3-4 years from an unknown amount of exposure to METH, which may be another reason for the lack of an apparent glial response. Lastly, children who were exposed to METH for all three trimesters had higher frontal white matter CHO than those exposed for two or less trimesters. The elevated CHO may be related to the greater prenatal alcohol exposure as well, since this has been well documented in both human and animal studies (Astley et al. 1995; Fagerlund et al. 2006) . Future studies including more detail history of alcohol used in mothers who abused stimulants during pregnancy is needed.
We also found sex-differences in the brain metabolite abnormalities. The elevated frontal white matter NA was due primarily to the higher NA in the METH-exposed girls but relatively normal NA in the METH-exposed boys compared to the controls. Similarly, the METH-exposed girls but not boys showed significantly lower MI/tCr ratio. These findings suggest that in utero METH exposure has greater effects on the developing female fetal brain than the male fetal brain. These findings are contrary to a preclinical study that found prenatal METH-exposure led to greater reduction in myelin in male rats than in female rats, but higher rate of deformed axons and slighter lamellar separation in all animals . However, these investigators also found that prenatal METH exposure altered the levels of 3,4-dihydroxyphenylacetic acid (DOPAC) only in the retina of the female but not the male rats, with normal dopamine and tyrosine hydroxylase immunoreactivity in both sexes . Taken together, these data suggest prenatal METH-exposure may differentially affect the developing male and female brains.
The METH-exposed children, regardless of sex, also showed poorer performance on the Beery Visual motor integration task, which suggests that METH-exposure might have altered the motor or psychomotor neurodevelopment, possibly via the dopaminergic system in the fronto-striatal or thalmo-cortical pathways. Therefore, the possible accelerated growth with increased cellularity may be associated with an aberrant neural network in the frontal lobe in these children with prenatal METH-exposure. The poorer performance on the visualmotor integration task in these young 3-4 year old children with prenatal METH-exposure was also found in the prior small studies of older children (average age 8 years) with prenatal METH-exposure (Chang et al. 2004) . Similarly, 3-week old rats (equivalent to that of our younger children) with prenatal METH exposure, regardless of sex, showed slower righting reflexes and more falls on the rotarod tests than unexposed rat pups, suggesting impaired development of postural motor movements (Slamberova et al. 2006) . Since the brain metabolites alterations are found in the frontal brain region, more tests to assess other frontal lobe function, such as impulsivity and executive function, are needed.
The current study has several advantages compared to prior studies Chang et al. 2004 ): a larger sample size, a much younger group of children with a narrow age range, stricter criteria that minimize other potential confounding conditions, and a higher magnetic field scanner. However, our METH-exposed children still had greater exposure to nicotine, marijuana and alcohol, and were born one-week earlier and hence smaller than the unexposed children at birth. These potential confounds were included as covariates in our analyses and the elevated frontal white matter tCr, NA and GLX of children exposed to METH in-utero remained or became more significant.
Longitudinal follow-up of these children with prenatal METH exposure, using structural MRI, MRS and more detailed neuropsychological evaluations will determine whether these brain metabolite abnormalities will persist, and how they would impact other aspects of cognition with further brain development in these children. Left: Axial MR images showing the placement of the four voxels: 1) Anterior cingulate (AC), which contained primarily gray matter at the anterior and medial portions of both cingulate cortices across both hemispheres, and above the anterior portion of the head of caudate; 2) frontal white matter (FWM), which was confined to white matter in the right frontal lobe at the same level as the AC; 3) basal ganglia (BG), which was also obtained from the right hemisphere and contained the center portions of the putamen, the globus pallidus and some portion of the body of the caudate; 4) thalamus (THAL), which was confined to the gray matter structure and spanned across both hemispheres, slightly more posterior to the BG voxel. Right: A representative MR spectrum from the frontal white matter, showing well defined peaks for each of the brain metabolites measured (NA = Nacetylaspartate; GLX = glutamate+glutamine; Glu = glutamate; tCr = total creatine; CHO = choline-containing compounds; MI = myoinositol). The red line shows the integrated areas using LCModel. Bargraphs showing brain metabolite concentrations in four brain regions (also see Table 3 ). Higher tCr, NA, and GLX in the frontal white matter, but lower MI in the thalamus, are observed in METH-exposed children (black bars) compared to the unexposed children (white bars). Bargraphs showing higher NA and lower MI/tCr only in the frontal white matter of the girls, but not the boys, exposed to METH (boys: n=23; girls: n=10) compared to those unexposed to the drug (boys: n=16, girls: n=15). METH-exposed x sex interaction: (NA, p=0.011; MI/ tCr, p=0.03). Table 3 Brain metabolite concentrations in METH-exposed (n=38, 47.2±1.1 months) and unexposed children (n=37, 46.8±1.3 months) (mean ± SEM) 86.8% * P-values after covarying (ANCOVA) for % gray matter from gray/white segmentation
